A gene (SCPEPCD1) encoding phosphoenolpyruvate carboxylase (PEPC) was isolated from the C-4 monocot sugarcane (Saccharum hybrid var. H32-8560). SCPEPCD1 is ca. 6800 bp long, with 10 exons. The entire gene sequence from -1561 to 262 bp downstream of the putative poly(A) addition signal is reported. A low-level, essentially constitutive pattern of expression, amino acid sequence similarities to other 'housekeeping' PEPC enzymes, and the absence of DNA sequence elements conserved in the upstream region of maize and sorghum C-4-specific PEPC genes indicate that SCPEPCD1 encodes a housekeeping PEPC. Despite this, a motif proposed to act as a phosphorylation site in light-mediated activation of photosynthetic PEPC enzymes [10] is present in the SCPEPCD1 protein; evidence is presented for the presence of this site in other housekeeping PEPC proteins.
Introduction
C-4 plants contain multiple phosphoenolpyruvate carboxylase (PEPC; EC 4.1.1.31) isozymes; one or more involved specifically in C-4 photosynthesis, and several others usually grouped as 'housekeeping' forms. The multiple PEPC isozymes are encoded by a nuclear multi-gene family; in maize (a diploid) this family has one C-4 member and ca. four housekeeping members [8] . Recent work in Flavaria trinervia suggest C-4 dicots have more than one C-4-specific PEPC gene [16] .
The C-4 photosynthetic pathway was first discovered in sugarcane; we now have isolated a PEPC-encoding gene from sugarcane (an octa-or decaploid): SCPEPCD1. Transcript pools homologous to SCPEPCD1 accumulate to low levels in all tested sugarcane tissues. Using PCR amplification of cDNA, homologous transcripts have been detected in stems, roots, shoots, callus as well as etiolated, greening and mature leaves. This differs from expression patterns reported for housekeeping PEPC genes in maize and sorghum. The maize gene is expressed in roots and green-ing leaves but not etiolated leaves [ 13 ] , while the sorghum gene is expressed in greening and etiolated leaves, but not in roots [2] .
Materials and methods

Plant materials
Sugar-cane plants (Saccharum hybrid var. H32-8560) were from Hawaiian Sugar Planters' Association Breeding Station. Etiolated leaf and greening light tissue were generated from either germinating shoots of nodal cuttings or newly emerging tillers of potted plants.
Isolation of PEPC genes
A sugarcane genomic library was constructed in 2EMBL4 and screened with a partial PEPC cDNA probe from Flavaria trinervia (S. Sun, unpublished results). Several PEPC clones were isolated, including three overlapping clones of S CPEPCD 1.
Reverse transcription and PCR amplification
First-strand cDNA was synthesized from 10/tg total RNA, initiated with a specific primer (5'-TTTGCCAGGATAAGCATGTG-3') located in the second exon, and using M-MLV reverse transcriptase and accompanying reagents essentially as recommended by the manufacturer (GIBCO BRL). 5~o of the cDNA product from this reaction was used as template for PCR amplification.
PCR cloning of mRNA 5' end
The 5' end of SCPEPCD1 mRNA was amplified essentially by the 'rapid amplification of cDNA ends' (RACE) method of Frohman et al. [7, 6] . The RACE-PCR products were made blunt with Klenow fragment DNA polymerase and ligated to the Sma I site of pBluescript II KS + (Stratagene).
Results and discussion
Structure of SCPEPCD1
The complete nucleotide and deduced amino acid sequences of SCPEPCD1 are shown in Fig. 1 . SCPEPCD1 has 10 exons (371,392, 85,223, 104, 91, 153, 999, 387, and 560 bp, counting the last exon to the poly(A) addition signal) and 9 intervening sequences (796, 340, 136, 118, 76, 1166, 223, 310, and 284 bp). Positions of these introns are identical to the positions in other plant PEPC genomic sequences [9, 3, 15] . Length and sequence of these introns show no obvious similarities to corresponding introns in other PEPC genes.
The transcription start site for SCPEPCD 1 was determined by primer extension and the RACE method of Frohman etal. [7, 6] . Both of these methods agree on a site 204 bp upstream of the translation start codon as the cap site. The nucleotide sequence of a RACE clone containing the most 5' 80 bp matched the SCPEPCD1 sequence at 79 bp, with a single mismatch (C to T) at position 25. This single mismatch may simply represent a Taq polymerase error, or it may result from amplification of a transcript from a different member of the PEPC gene family which is very similar to SCPEPCD1.
Several sequence elements which bind nuclear proteins, some in a cell-type-specific manner, have been identified in the upstream region of the maize C-4 gene [18, 12] and shown to be conserved in a sorghum C-4 PEPC gene [2] . These sequence elements have not been detected in the upstream region of PEPC housekeeping genes, and they are not present in SCPEPCD1.
Deduced SCPEPCD1 protein structure
The sequence of SCPEPCD1 predicts a protein of 966 amino acid residues, with a molecular mass of 110 218.16 Da and isoelectric point of 6.04. 
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5269 gccttgtaagtcttcggttt tctttgcttgtgtt ttcct tttgaacacacctttacttgt L 5329 ct ttatattgttattatgcaattaccactatgagattttaattgtagettttatt taggc 5389 cttggtatttcactcttgtttttgttagttgggaattcatctagctagtcctgaagatta 5449 atatactgtttcatttcgtttgttttactgtcatgtcattactccttgtagtaccctata 5509 aatttattattttttggtaatgggtccatttttctgcataactaatcctggcatttgtgt Comparison of this deduced protein structure to other higher-plant PEPC proteins shows the primary sequence of these proteins is quite conserved. A dendrogram (Fig. 2) showing structural relatedness of PEPC proteins reveals two major groups, with the SCPEPCD1 protein grouped among all the housekeeping PEPCs. Notably, a C-4-specific PEPC cDNA from F. trinervia (a dicot) is more similar to the housekeeping PEPC proteins than to either of the published C-4 PEPC sequences from monocots [16] .
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Few structural features have been identified that differentiate the housekeeping from C-4 PEPC proteins; however a light-activation site has been proposed for photosynthetic PEPC isozymes. This site acts as a substrate for a serine protein kinase active in light-grown maize leaves but not in dark-grown leaves. The consensus sequence proposed for this site is K/RXXS [ 11] . In the maize leaf PEPC, such a site exists very near the amino terminus of the protein, and the serine residue in this site is ca. 50% more phosphorylated in the light form of the enzyme than in its dark form. This corresponds to an increase in enzyme activity which takes place when dark leaves are illuminated. More than one potential site for serine phosphorylation is present in the protein, but only this site is phosphorylated, presumably due to steric blockage of the other sites [11] . This proposed consensus sequence is present in the maize and sorghum leaf PEPC enzymes, and in the ice plant CAM-specific PEPC (the CAM isozyme is presumably activated in the dark, not in light). The site is not present in the ice plant housekeeping PEPC sequence reported by Cushman and Bohnert [3] . Jiao and Chollet [ 11 ] argue that the presence of this site in all the PEPC isozymes involved in photosynthesis and its absence in the one example of a housekeeping PEPC (published at the time of their publication) supports the light activation site they have proposed. Overall, the amino terminus of SCPEP-CD 1 has more similarity with the ice plant housekeeping PEPC than the maize or sorghum leaf PEPC; the proposed light activation site, however, is present in the SCPEPCD1 protein.
T h e presence of a light activation site in the SCPEPCD1 protein is surprising, since all other features of this gene and its product seem to indicate that the SCPEPCD1 product is a nonphotosynthetic PEPC isozyme, and thus would not be expected to be light-activated. The published ice plant housekeeping PEPC sequence [3] agrees with the amino acid sequence as used by Jiao and Chollet [11] ; however, seven codons upstream of the ATG proposed as the translation Fig. 2 . Similarity of higher plant PEPC proteins as determined by 'Pileup' analysis [5] . Numbers in parenthesis are approximate percent identities of the sequences at the tips beyond. Sequence data comes from the following sources: sorghum C-4 [2] , maize C-4 [9] , ice plant housekeeping [3] , tobacco C-3 [14] , sorghum housekeeping 2 [15] , ice plant CAM [4], sorghum housekeeping 1 [2] , F. trinervia [16] .
start codon (underlined below) by Cushman and Bohnert [3] lies another ATG in the same reading frame. If this upstream ATG is the actual translation start site, the deduced amino acid sequence for this housekeeping PEPC does include the proposed light activation site.
Several other housekeeping PEPC sequences, published after the Jiao and Chollet [ 11] proposal for the light regulation site, also contain the consensus sequence for the light activation site. If the upstream translation start for the ice plant housekeeping PEPC gene is correct, then all known higher-plant PEPC enzymes have this site, not merely those involved specifically in photosynthesis.
While there is no evidence that the conserved serine residue in this site is actually phosphorylated in any non-C-4 PEPC, it was recently reported that PEPC activity in (C-3) wheat leaves increases with illumination, and this increase in activity correlates to an increase in the phosphorylation state of the enzyme [ 17] .
Distribution and relative abundance of PEPC transcripts
Transcripts homologous to SCPEPCD1 were difficult to detect in any tissue by ordinary northern blot, RNase protection, or leaf tissue print analysis [1] . For this reason, PCR amplification was used to assay for transcripts from this gene. Using primers based on the coding sequence of SCPEPCD1 (Fig. 3A) to amplify cDNA, transcription of a homologous gene is detected in etiolated, greening and mature leaf, roots, etiolated shoots, green stems, and white callus (Fig. 3B) . These PCR reactions from cDNA yield substantially more products in any of the non-photosynthetic tissues than in leaf tissue of any develop- -A G A A G G G A A G G G G A G T G C -Y in the 5' UTL region. B. Southern blot analysis of PCR amplified cDNA using primers 1 and 2. P, primers only; 1, SCPEPCD1 control; 2, SCPEPCD2 control (SCPEPCD2 is another sugarcane PEPC clone); mw, molecular weight markers; EL, etiolated leaf; GL, greening leaf; ML, mature leaf; St, stem; R, root; Sh, shoot; C, callus. C. Southern blot analysis of PCR-amplified cDNA using primers 1 and 3. Lanes labeled as in 3B. mental stage. Using primers based on the 5' UTL (Fig. 3A) to perform these reverse transcription-PCR assays, a similar pattern is observed, but amplified products from greening and mature leaf tissue are decreased relative to those from other tissues (Fig. 3C) . The relative size of SCPEPCD 1 transcript pools suggested by PCR assays is consistent with northern blot evidence for greening leaves and stems (data ot shown).
We can summarize from these results: SCPEP-CD 1 is transcribed in leaves, stems, shoots, roots and callus, but the steady-state transcript pool is very small. In leaves this transcript pool is smaller than in any of the tested non-photosynthetic organs. The small pool present in leaves is not increased by light. In fact, there may be more SCPEPCD1 mRNA in etiolated than in green leaves. This pattern of expression, i.e. low-level expression in all organs and lack of light induction, indicates that SCPEPCD 1 encodes a housekeeping PEPC.
